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Abstract 
Passive magnetic shielding refers to the use of ferromagnetic materials to redirect magnetic field lines 
away from vulnerable regions. An application of particular interest to the medical physics community 
is shielding in MRI systems, particularly integrated MRI-Linear Accelerator (MRI-Linac) systems. In 
these systems, the shielding design goal is not only to minimize the magnetic field in some volume, 
but also to minimize the impact of the shield on the magnetic fields within the imaging volume of the 
MRI scanner. 
In this work, Finite Element Modelling (FEM) was used to assess the shielding of a side 
coupled 6 MV linac and resultant heterogeneity induced within the 30 cm diameter of spherical 
volume (DSV) of a novel 1 Tesla split bore MRI magnet. A number of different shield parameters 
were investigated; distance between shield and magnet, shield shape, shield thickness, shield length, 
openings in the shield, number of concentric layers, spacing between each layer, and shield material. 
Both the in-line and perpendicular MRI-Linac configurations were studied. 
By modifying the shield shape around the linac from the starting design of an open ended 
cylinder, the shielding effect was boosted by approximately 70% whilst the impact on the magnet was 
simultaneously reduced by approximately 10%. Openings in the shield for the RF port and beam exit 
were substantial sources of field leakage; however it was demonstrated that shielding could be added 
around these openings to compensate for this leakage. Layering multiple concentric shield shells was 
highly effective in the perpendicular configuration, but less so for the in-line configuration. Cautious 
use of high permeability materials such as Mu-metal can greatly increase the shielding performance in 
some scenarios. In the perpendicular configuration, magnetic shielding was more effective and the 
impact on the magnet lower compared with the in-line configuration.  
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1. Introduction 
MRI-Linac radiotherapy holds the promise of greatly improved cancer treatment outcomes by 
coupling the exquisite soft tissue contrast, high temporal resolution and functional imaging 
capabilities of MRI with the established therapeutic gains of radiotherapy (Ménard and van der Heide 
2014). However, realisation of these benefits requires that a medical linac function within the fringe 
field of a superconducting MRI magnet. Many linac components are not compatible with an external 
magnetic field. Prominent examples include the linac electron gun (St Aubin et al. 2010, St. Aubin et 
al. 2010, Constantin et al. 2011), accelerating waveguide (St. Aubin et al. 2010, St. Aubin et al. 2010, 
Whelan et al. 2016), and Multi-Leaf Collimator (MLC) motors (Yun et al. 2010). To minimize the 
deleterious effects of external magnetic fields on linac performance, there are two options: redesign 
the components in question, or ensure that they operate in sufficiently low magnetic fields that 
acceptable performance is achieved. To redesign components requires extensive research and 
development, so where possible the latter option is preferable. To ensure components operate in 
sufficiently low magnetic field, one may (1) incorporate a low field region into the very early stages 
of magnet design, and/or (2) utilize magnetic shielding to create a low field environment around the 
component in question. The latter is the focus of this work. 
Two approaches to magnetic shielding exist: active and passive (Santos et al. 2012). Active 
magnetic shielding utilizes current loops to cancel the local magnetic field within the sensitive 
volume, whilst passive magnetic shielding utilizes materials with a high magnetic permeability to 
redistribute the magnetic field distribution such that the field in the sensitive volume is lowered. The 
most widely adopted conceptual model of passive magnet shielding is the magnetic shunting or 
magnetic circuit description, which describes the shield as providing a low reluctance (and hence 
favourable) path for magnetic field lines to travel (Paperno and Sasada 2000), thereby reducing the 
magnetic field inside the shield. An overview of the theory of passive shielding is given in Appendix 
1: Theory of passive magnetic shielding. Both passive and active magnetic shielding have been 
proposed and implemented in MRI-Linac systems (Lagendijk et al. 2008, St. Aubin et al. 2010, 
Santos et al. 2012, Shvartsman et al. 2014). However, passive shielding has a number of features 
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which make it particularly attractive for use in MRI-Linac systems. Firstly, passive shielding takes up 
very little space and can be made (indeed in general should be made) conformal with the volume that 
is to be shielded, which is highly desirable in the space-constrained design of medical linacs. 
Secondly, passive shielding does not generate heat. Heat management is crucial for stable accelerator 
operation, as deviations in temperature result in thermal expansion and hence affect resonant 
frequency. In addition, the current loops used in active shielding may themselves require active 
cooling to avoid overheating. Finally, passive shielding does not require an external power source or 
wiring, making implementation more straightforward. On the other hand, a very attractive aspect of 
active shielding is the fact it can be switched on and off rapidly. This could be beneficial in an MRI-
Linac approach whereby the imaging and treatment functions were carried out in a rapid interleaved 
fashion. However, overall it seems likely that inherent simplicity of passive shielding will make it the 
preferred approach in MRI-Linac systems in the foreseeable future. 
The utility of passive magnetic shielding has been known since at least the 17th century 
(Della Porta 1658, Wadey 1956). As such, there is a large amount of work in the literature discussing 
the mechanisms and design of passive magnetic shielding. However, there is very little published data 
relating to magnetic shielding for MRI-Linac systems (or indeed, MRI magnets in general). These 
systems represent a unique challenge for magnetic shielding design, because in addition to lowering 
the magnetic field in the region of interest, one must also ensure that the heterogeneity induced in the 
imaging volume of the MRI scanner is small and shimmable. Passive magnetic shielding has been 
previously investigated for a 0.5 T in-line MRI-Linac system (Santos et al. 2012), and a 0.2 T 
perpendicular system (St. Aubin et al. 2010). In addition to these scientific studies, a patent exists 
regarding magnetic shielding in a 0.35 T perpendicular MRI-Linac system (Shvartsman et al. 2014). 
However, a number of aspects of magnetic shielding in MRI-Linac systems remain to be 
quantitatively investigated. These include the impact of different shield shapes, distance from the 
scanner, different shielding materials, shield layering, higher field MRI magnets, and a comparison of 
shielding in different MRI-Linac configurations. 
The aim of this work is to address these gaps in scientific knowledge. Using Finite Element 
Modelling (FEM), we examined the impact of a wide range of different shield parameterisations on 
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both shielding efficacy and MRI heterogeneity in the shielding of a linear accelerator in the fringe 
field of a split bore 1.0 T MRI magnet. Both perpendicular and in-line MRI-Linac configurations were 
explored.  
2. Methods 
2.1. Finite Element Modelling of MRI magnet and magnetic 
shields 
The basic methodological approach used in this work is indicated in Figure 1 (left); FEM was used to 
investigate the effectiveness of different magnetic shield parameterisations and quantify the resultant 
heterogeneity within the field of the MRI magnet. The MRI magnet investigated is a 1.0 T split bore 
system that is being used in the Australian MRI-Linac program; the magnetic fields generated by this 
magnet are shown in Figure 1 (right). This magnet was purpose built for MRI-Linac systems, and has 
both a large split between the poles (500 mm) and large bore size (700 mm). The intention of this 
bespoke and flexible design was to enable research to be performed in both perpendicular and in-line 
MRI-Linac configurations (Keall et al. 2014). Note that the fringe field of this magnet is substantially 
higher in the perpendicular than in-line configuration.  
Comsol 4.4 (Burlington, MA) was used in conjunction with a previously described finite 
element model (FEM) of this magnet (Kolling et al. 2013). The superconducting magnetic coils carry 
a known current density; the resultant fields are solved using a vector potential formulation within a 
sphere of outer radius 35 m, at which point the magnetic insulation boundary condition was enforced. 
The heterogeneity in a 30 cm DSV with no magnetic shielding was 7 PPM as assessed using Equation 
4. The mesh for the magnet model with no shield consisted of 5.7×105 elements, whilst the mesh for 
the model with a 5 layer shield and 3 mm gap between layers consisted of 1.4×106 elements. The 
average quality factor was 0.75, and the minimum quality factor 0.07. The element volume ratio (the 
ratio of the largest to smallest element volumes) was 7.6×10-9. This large ratio reflects the difference 
between the fine mesh used in the centre of the model and the very coarse mesh used at the outer 
boundary. Wherever possible, symmetry was exploited to reduce the size of the models; in general 
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this meant that only half the geometry needed to be solved. The number of mesh elements refers to 
half models; e.g. after a symmetry boundary condition has been imposed. 
This model was solved with a wide range of different magnetic shielding configurations, as 
described in section 2.2 and Table 1. The Flexible General Minimal Residual solver (FGMRES) with 
a geometric multigrid pre-conditioner was used to solve the FEM matrix equations. Due to the fact 
that effective magnetic shielding materials are non-linear (i.e. ferromagnetic materials), an iterative 
solving technique was required. For the majority of models, the double dogleg method was used to 
resolve the models (Yuan 2000). For the models involving Mu-metal, this was changed to Newton’s 
methods with Comsol’s default parameters for highly non-linear models. The iterative solver process 
was terminated when the relative residual of the system matrix was less than 1×10-2; most models 
resolved within 30 iterations, although multi-layer models sometimes required over 100 iterations. 
The shields were meshed such that, in general, there were two mesh elements across the thickness of 
the shield except for shields 3 mm thick or less, in which case only one mesh element was used. 
Quadratic mesh elements were used everywhere. A simulation with doubled mesh density was run to 
verify that the mesh settings adequately resolved the physics; the shielding factors changed by less 
than 0.05%. 
 
Figure 1: (Left) Basic simulation methodology; each shield design was simulated in both in-line 
and perpendicular configurations, and heterogeneity in 30cm DSV quantified. Note that whilst 
the in-line and perpendicular shields are indicated on the same figure for clarity, they were 
always considered separately. The shielding parameters investigated are summarised in Table 1. 
(Right) The absolute magnetic field along the axis of perpendicular (solid line) and in-line 
(dashed line) configurations.  
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2.2. Parametric shielding studies 
The parametric shielding studies which were performed are summarised in Table 1. Each parameter 
was varied between the values indicated while the remaining parameters were held at their default 
values: Shield Thickness = 20 mm, Source to Isocentre Distance SID= 1500 mm, Shield Length = 400 
mm, Height of shielding around RF port = 100 mm, Number of Layers= 1, Material = Carbon Steel 
1020. Each study was carried out in both the perpendicular and in-line MRI-Linac configurations.  
Table 1: Each shielding parameter investigated in this study, the default value of each 
parameter, and the range each parameter was varied between. 
Shield parameter Default value Varied between 
Source to Isocentre Distance (SID) 1500 mm 900 - 2500 mm  
Shield Thickness  20 mm 2 - 40 mm 
Shield Length  400 mm 100 – 500 mm 
Beam exit opening Completely open 5 -60 mm radius opening 
Height of shielding around RF port 100 mm 25 – 200 mm 
Number of layers 1 1 - 5 
Spacing between layers Layer thickness 3 - 12 mm 
Shielding material Carbon Steel 1020 Mu-metal / Carbon steel 1020 
 
Three shield shapes were investigated in this study (Figure 2).  The first shield (Figure 2 A) was a 
cylinder open at one end, as has been previously proposed in MRI-Linac systems (St. Aubin et al. 
2010, Dempsey and Shvartsman 2016). An increase in shielding efficacy can be obtained by 
decreasing the radius of this shield where possible, as demonstrated in Appendix 1. This was the 
motivation for the following two designs; the design in Figure 2B has a reduced radius section around 
the electron gun. This is essentially the design that was proposed by (Santos et al. 2012), and was 
expected to provide some improvement in the shielding of the electron gun compared to the open 
ended cylinder design. The third shield shape tested (Figure 2C) was elliptical in order to closely 
conform to the side coupled Linac geometry, and was a novel linac shield design proposed in this 
work. Each of these shields was designed to fit around the geometry shown in Figure 3 with the gun 
end of the linac touching the shield and 2 mm clearance on all other dimensions. 
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 2.3. Shielding criterion 1: Geometry and sensitivity of 
medical Linacs 
The magnetic shielding principles explored here can be applied to a variety of componentry which 
may require shielding in MRI systems; however to elucidate these principles we focus on the 
shielding of a linac in an integrated MRI-Linac system. All currently proposed or existing MRI-Linac 
systems use low energy (~6MeV) side coupled standing S-band (~3GHz) accelerating waveguides. A 
representative Linac for which geometric details are accurately known is the Varian 600C Linac; the 
geometry of this Linac is shown in Figure 3. The outer dimensions were measured directly, whilst the 
inner dimensions (which are used for visualisation only) were based on a previously published design 
(St. Aubin et al. 2010). The sensitivity of these linacs to external magnetic fields has been studied in 
some detail via computational simulations (St Aubin et al. 2010, St. Aubin et al. 2010, Constantin et 
al. 2011, Whelan et al. 2016). Based on these studies, to operate this type of linac without current loss, 
perpendicular fields should be less than 2 G across both the electron gun and linac. For the in-line 
configuration, the magnetic field magnitude should be less than 40 G across the gun, whilst in 
principle the linac can be operated in arbitrarily high in-line fields with no current loss. However, in-
line magnetic fields can also cause the electron beam to focus or defocus on the target (Whelan et al. 
2016), which can decrease target lifetime or even cause target burn through (Wang et al. 2017). As 
Figure 2: The three different shield shapes tested 
in this work. A) Cylindrical shield, B) cylindrical 
shield with modified gun shielding, and C) 
elliptical shield with modified gun shielding. For 
each shield, a side view and a back (from gun 
end) view is shown. Note the side coupling 
cavities (figure 3) are not shown in this image so 
that the RF port can be seen. SL is the shield 
length, PH is the port height shielding, and ST is 
the shield thickness. 
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such, there are still circumstances in which one may wish to shield the linac in the in-line 
configuration. The values at which beam loss begins to occur in each part of the linac for different 
field orientations are summarized in Figure 3C.  
The metric most commonly used to quantify the effectiveness of a given magnetic shield is 
the shielding factor (Sumner et al. 1987): 
𝐊𝐊𝐚𝐚𝐚𝐚 = 𝐁𝐁𝐀𝐀𝐚𝐚𝐀𝐀𝐀𝐀𝐚𝐚𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀/𝐁𝐁𝐀𝐀𝐚𝐚𝐀𝐀𝐀𝐀𝐚𝐚𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀  Equation 1 
In equation 1, 𝐁𝐁 is the magnetic field and could refer to either a point measurement or an 
average value within the sensitive volume. In this work, shielding factors were calculated based on the 
average field within the regions indicated in Figure 3C. We also report the maximum and minimum 
shielding factors within these regions, which are calculated according to equations 2 and 3. Note that 
the same numerator is used in equations 1-3; this formulation was chosen as it allows one to easily 
relate Kmax and Kmin to  Kav as well as easily convert shielding factors to magnetic field values.  
𝐊𝐊𝐦𝐦𝐚𝐚𝐦𝐦 = 𝐁𝐁𝐀𝐀𝐚𝐚𝐀𝐀𝐀𝐀𝐚𝐚𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀/𝐁𝐁𝐌𝐌𝐀𝐀𝐌𝐌𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀  Equation 2 
𝐊𝐊𝐦𝐦𝐀𝐀𝐌𝐌 = 𝐁𝐁𝐀𝐀𝐚𝐚𝐀𝐀𝐀𝐀𝐚𝐚𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀/𝐁𝐁𝐌𝐌𝐚𝐚𝐦𝐦𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀  Equation 3 
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2.4. Shielding criterion 2:  Sensitivity of MRI scanners 
Shielding for MRI Linac systems introduces an additional constraint to the shield design process: the 
shield must not cause large perturbations to the magnetic field in the imaging volume of the scanner. 
This is because MRI scanners require an extremely homogenous magnetic field to create images. 
Introduction of magnetic material near the MRI scanner can cause perturbations in this field, 
rendering the scanner useless.  
The homogeneity of MRI magnets is conventionally assessed in parts-per-million (PPM) 
within a given Diameter of Spherical Volume (DSV). The impact of inhomogeneity in the magnet is 
dependent on field strength, such that “…a 1.0 T magnet with a homogeneity of 10 ppm and a 10 T 
magnet with 10 ppm of homogeneity would have image distortion and signal loss problems due to 
static field inhomogeneities that differ in magnitude by approximately a factor of ten” (Brown et al. 
2014).  To produce high quality images, the homogeneity of the imaging volume should be on the 
Figure 3: Dimensions in mm of the Varian 600C Linac used for these studies. A) Side 
view B) Back view (from gun end) C) Cut view including the two regions which must be 
magnetically shielded, the gun region and the linac region, along with the sensitivity 
values. All dimensions are in mm. 
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order of a few PPM (Brown et al. 2014). In order to achieve such high homogeneity, a process known 
as shimming is utilized to correct minor imperfections in the magnetic field. Even in the absence of 
external ferromagnetic materials (e.g. a magnetic shield), shimming is typically required after the 
installation of a new magnet to account for factors such as magnetic impurities, machine tolerance 
errors, thermal contractions, mechanical stress during transport etc. (Brown et al. 2014). Similarly to 
magnetic shielding, shimming can be passive (ferrous material) or active (current loops).  
A value of around 300 ppm has often been adopted as an upper limit for the post-installation 
heterogeneity that can be compensated for by modern shimming techniques (St. Aubin et al. 2010, 
Santos et al. 2012, Kolling et al. 2013), although the extent to which a given heterogeneity can be 
corrected depends on the linearity and spatial distribution of the induced heterogeneity (Liu et al. 
2011). This is beyond the scope of the present work, in which the heterogeneity induced in a 30 cm 
DSV is reported as calculated in Equation 4, in which Bmax, Bmin, and Bcenter refer respectively to 
the maximum, minimum, and field at the centre of the 30 cm DSV. 
 
𝐃𝐃𝐀𝐀𝐃𝐃 𝐀𝐀𝐀𝐀𝐝𝐝𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐌𝐌 = 𝟏𝟏𝟏𝟏𝟔𝟔 × 𝐁𝐁𝐦𝐦𝐚𝐚𝐦𝐦−𝐁𝐁𝐦𝐦𝐀𝐀𝐌𝐌
𝐁𝐁𝐜𝐜𝐀𝐀𝐌𝐌𝐀𝐀𝐀𝐀𝐀𝐀
     Equation 4  
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3. Results 
3.1. Impact of shield shape and distance from magnet  
Each of the three shield geometries shown in Figure 2 was solved for SIDs between 900 and 2500 mm 
in 100 mm intervals. Figure 4 shows the impact of varying the SID for each of these three shield 
designs. For large SIDs the overall system footprint increases and the dose rate decreases according to 
the inverse square law. Therefore, it is desirable for the SID to be as small as possible.  
As one would expect, in general the heterogeneity induced in a 30 cm DSV decreased as the 
distance between the magnet and the shield was increased. The heterogeneity in the DSV was 
generally higher for the in-line configuration than the axial configuration. This result is more 
surprising, given the fringe field is substantially higher in the perpendicular configuration for this 
magnet (Figure 1). For very short SIDs of 0.9 m and 1 m, the heterogeneity caused by the 
perpendicular shield was still quite modest (< 200 PPM), but the heterogeneity caused by the in-line 
configuration became quite high – for instance shield design A (open ended cylinder) caused 678 
PPM of heterogeneity at 1 m, and 1262 PPM at 0.9 m (these results are not shown in Figure 4A as 
they distort the visual range of the plot).  
The shielding factors increased rapidly as the SID increased from 0.9 to ~1.7 m, and then 
stabilized (Figure 11C). This is because as the field strength decreases, the magnetic permeability 
increases before also stabilising. The other reason for the variability in the shielding factors as a 
function of distance from the magnet is due to the non-linear fall off of the fringe field (Figure 1). The 
combination of non-linear changes in applied field and non-linear response causes the large changes 
in the shielding impact 
It can be seen that Shield C (elliptical shield) was the most effective design by a substantial 
margin, as it caused the least heterogeneity in the magnet and most effectively shielded the sensitive 
volumes, particularly in the Linac region (Figure 4C). Within the Linac region, the elliptical shield 
(Figure 2C) was on average 82% more effective than the open ended cylinder in the in-line 
configuration, and on average 63% more effective in the perpendicular configuration. Note that this 
design reduced the average of every Cartesian component as well as the maximum field values by 
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similar magnitudes to the average field. The modified cylindrical shield (Figure 2B) was the second 
most effective design, providing improved shielding in the gun region compared to shield A for the 
in-line configuration, although only minor improvements were seen in the perpendicular 
configuration. Shield A (Figure 2A) was the least effective design, as it simultaneously caused the 
most heterogeneity and provided the least shielding. Since the elliptical shield (Figure 2C) clearly 
performed best at all distances, this basic design was adopted for all further simulations.  
 
Figure 4: The effect of varying the SID on A) heterogeneity within the DSV, B) the gun region 
shielding factor, and C) the Linac region-shielding factor. Each plot shows both the in-line 
(black lines) and perpendicular (blue lines) configurations. Each of the three shield shapes 
shown in Figure 2 were tested; ‘cyl1’ and ‘cyl2’ correspond to Figure 2A and B, and ‘ellipse’ 
corresponds to Figure 2C. 
3.2. Impact of shield thickness and shield length 
The remaining shielding studies in this paper were carried out at an SID of 1500 mm. The average, 
minimum and maximum magnetic fields in the gun and linac region for this SID are presented in table 
2. The shielding factors reported in the remainder of this work can be converted to magnetic field 
values using formulas 1-3 and the data in Table 2. 
Table 2: Magnetic field values without any magnetic shields for an SID of 1.5 meters. 
 BGunAverage BGunMax BgunMin BLinacAverage BLinacMax BLinacMin 
In-line 413.1 G 422.7 G 403.6 G 504.1 G 550.3 G 421.8 G 
Perpendicular 715.2 997.0 733.7 986.3 1285.3 733.7 
 
The shield length (SL, Figure 2) was varied between 50 mm and 500 mm in 50 mm intervals (Figure 
5). Note that the length of the linac assembly is 324 mm. As expected, both heterogeneity and shield 
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efficacy increased as a function of length. It can also be seen that the minimum shielding factors don’t 
begin to increase until the length of the shield exceed the length of the linac region. It should be noted 
that the maximum and minimum shielding factors should be interpreted relative to the average 
shielding factor. For example, for the perpendicular configuration the average, minimum, and 
maximum shielding factors in the linac region for a shield length of 500 mm are 105.0, 61.8, and 
193.7 respectively. This simply means that the maximum magnetic field in the linac region is 
approximately twice as high as the average field and the minimum field is approximately half this (the 
corresponding B field values are 9.4 G, 16.0 G, and 5.1 G). It can be seen that the spread in the 
shielding factors is much lower in the gun region than the linac region; this is due to both the much 
smaller volume of this region and the fact that it is further away from the shield openings (section 
3.3). An interesting effect can be seen for the in-line shielding factors as a function of shield length, 
particularly for the gun region: there was a clear maximum value of shield length at which the average 
shielding factors reached a maximum. Similar behaviour to this was observed by (Santos et al. 2012), 
and ascribed to magnetic saturation in the shield. Whilst saturation could indeed play a role in this 
phenomenon, similar behaviour is expected even when a constant permeability (i.e. non saturable) 
material is assumed (Appendix 1). This effect can be understood by considering the field produced by 
an iron bar placed in a magnetic field parallel to the axis of the bar; the field produced by the iron bar 
will oppose the initial magnetising field. This so-called ‘demagnetising field’ is a function of the 
aspect ratio of the shield (Equation 7, Appendix 1), resulting in the peaks as a function of length seen 
for the in-line series in Figure 5B and C. The discontinuity which can be seen in the perpendicular 
shielding factors at SL=250 mm is due to the introduction of the RF port opening. 
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 Figure 5: The effect of varying the shield length on A) Heterogeneity within the DSV, B) The 
gun region shielding factors, and C) The Linac region-shielding factors. Each plot shows both 
the in-line (black lines) and perpendicular (blue lines) configurations, whilst the shaded regions 
in B) and C) represent the maximum and minimum shielding factors. 
The shield thickness (ST, Figure 2) was varied between 2 and 40 mm in 2 mm increments (Figure 6). 
For both configurations in the linac region, the maximum shielding factors continued to increase up to 
thickness=40, but the minimum shielding factors stagnate at 22 mm (perpendicular) and 6 mm (in-
line). Indeed, for the in-line the average shielding factor even begins to decrease above a certain 
thickness; this is again due to the aspect ratio of the shields as outlined above. The other factor at play 
is field penetration through the open end of the shield, which is investigated in section 3.3. As would 
be expected, the heterogeneity in the DSV increased as the thickness was increased.  
For very low thickness, the shields tend to saturate. This is why minimal increase in the shielding 
factors were seen for shield thickness of ~5 mm or less; when the shields are saturated they have low 
relative permeability. Similarly, this is by definition when they are most magnetized, which explains 
the comparatively large increase in DSV heterogeneity for low thickness. 
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Figure 6: The effect of varying the shield thickness on A) Heterogeneity within the DSV, B) The 
gun region shielding factor, and C) The Linac region-shielding factor. Each plot shows both the 
in-line (black lines) and perpendicular (blue lines) configurations, whilst the shaded regions in 
B) and C) represent the maximum and minimum shielding factors. 
3.3. Impact of shield openings 
At least two openings are required in the magnetic shield for the Linac: one at the end of the 
shield to allow beam passage, and one to allow input of the RF port. In addition, the Linac requires (at 
a minimum) a high voltage line to the electron gun and water-cooling pipes. In this work, it was 
assumed that these cables can be routed through one of the existing openings, which would require 
minimal reengineering. 
These openings will unavoidably cause some magnetic field leakage into the shield. The 
impact of these openings was tested as follows; for the beam exit, the end of the shield was 
completely closed except for a circular beam opening, the radius of which was varied between 5 mm 
(almost completely closed shield) and 60 mm. Figure 7 shows the impact of the size of the beam exit 
opening. The shielding factors are presented relative to a shield with a completely closed end cap, 
representing the shielding factors which would be obtained with no beam exit opening (i.e., BAverageNoShield  in formulas 1-3 is replaced by B𝐀𝐀𝐚𝐚𝐀𝐀𝐀𝐀𝐚𝐚𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐁𝐁𝐀𝐀𝐚𝐚𝐦𝐦𝐀𝐀𝐦𝐦𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐌𝐌𝐀𝐀𝐌𝐌𝐀𝐀). For the perpendicular 
case, these values are 7.4 G (Linac region) and 4.6 G (Gun region); for the in-line they are 9.2 G 
(linac region) and 5.4 G (gun region). As one would expect given the location of this opening, the 
biggest impact was on the linac region, in which a completely open ended shield had average 
shielding factors 70% (perpendicular) and 57% (in-line) of those achieved with a completely closed 
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shield. It can also be seen that minimum shielding factors are much more strongly affected by the 
maximum; this is due to the fact that regions far from the opening are relatively unaffected. The loss 
of shielding efficacy can largely be recovered by leaving only a partial opening for the beam to pass 
through. An alternative strategy to minimise field leakage through this opening is to increase the 
length of the shield (Figure 5), although this is more expensive in terms of DSV heterogeneity (Figure 
5, section 3.2). Practically, a shield design is dependent on geometric constraints imposed by 
surrounding components, but these results show that the radius of openings should be minimized 
where possible. 
 
Figure 7: Effect of opening the downstream end of the shield for the beam to exit. A) The 
heterogeneity within the DSV B) The gun region shielding factor, and C) The Linac region-
shielding factor. The shaded regions in B) and C) represent the maximum and minimum 
shielding factors. The shielding factors are presented relative to those of a shield with no 
opening for the beam exit. Note that the last data point in these plots is for a completely open 
ended shield. 
For the RF port opening, the ‘PH’ parameter shown in Figure 2 was varied between 50 mm 
and 200 mm in 25 mm increments. Note that ‘PH’ is defined relative to the central axis of the linac; as 
such, setting PH to 50 mm or less results in having no additional shielding around the RF port. Again, 
the results are presented relative to a shield that has no opening for the RF port. For the perpendicular 
case, these values are 9.6 G (Linac region) and 4.7 G (Gun region); for the in-line they are 15.6 G 
(linac region) and 5.4 G (gun region).  Figure 8 shows the impact of utilising varying lengths of 
shielding around the input RF waveguide. The major impact is again on the linac region, where 
compared to a shield with no RF port opening, the open shield had shielding factors decreased by 
around 30% in both orientations. However, the loss of shielding efficacy in the linac region could be 
entirely recovered by adding additional shielding around the RF port. 
0 20 40 60
Radius of Opening (mm)
30
40
50
60
70
80
D
is
to
rti
on
 (P
P
M
)
A) DSV distortion
In-Line
Perp
10 20 30 40 50 60
Radius of opening (mm)
0
0.2
0.4
0.6
0.8
1
1.2
K
B) Gun shielding factors
10 20 30 40 50 60
Radius of opening (mm)
0
0.5
1
1.5
2
K
C) Linac shielding factors
Page 17 of 31 AUTHOR SUBMITTED MANUSCRIPT - PMB-106331.R1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 Figure 8: Effect of the height of shielding around the RF port (dimension ‘PH’ in Figure 2) A) 
The heterogeneity within the DSV B) The gun region shielding factor, and C) The Linac region-
shielding factor. The shaded regions in B) and C) represent the maximum and minimum 
shielding factors. The shielding factors are presented relative to those of a shield with no 
opening for the RF port. 
3.4. Impact of splitting the shield into separated 
concentric layers  
As explained in Appendix 1, in many situations the shielding efficacy can be greatly improved by 
splitting a single layer of shielding into multiple layers of the same total thickness. In this section, the 
standard shields from section 2.2 were split into up to five concentric layers. The total thickness of 
shielding was held constant at 20 mm such that in e.g. the 5 layer shield each layer was 4 mm thick. 
The results are shown in Figure 9.  To improve visual clarity, the shielding factors are presented 
relative to the single layer values. For the perpendicular case, these values are 10.3 G (Linac region) 
and 4.9 G (Gun region); for the in-line they are 16.3 G (linac region) and 5.4 G (gun region).  It can 
be seen that for both configurations, utilising multiple layers increased shielding efficacy, with 
particularly pronounced enhancement for the perpendicular fields. In the perpendicular configuration, 
the average shielding factor of the 5 layer shield in the linac region was five times more effective than 
for the single layer shield; in the gun region it was ten times more. At the same time, the DSV 
heterogeneity only increased from 38 to 51 (an increase of 38%). For the Axial shields, the 
improvement was less pronounced. The average shielding factor of the five layer shield in the linac 
region was 76% higher than the one layer shield, whilst the corresponding DSV heterogeneity 31% 
higher.  Although not visually apparent in Figure 9, layering was also similarly effective at reducing 
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the maximum fields; in the linac region, Kmin for the 5 layer shield is 3.3 times higher for the 
perpendicular configuration, and 1.8 times higher in the axial configuration.  
 
  
Figure 9: The effect of splitting the shield in separated layers on A) heterogeneity within the 
DSV, B) The gun region shielding factor, and C) The Linac region-shielding factor. The shaded 
regions in B) and C) represent the maximum and minimum shielding factors. The shielding 
factors are presented relative to a single layer shield.  
A second required parameterisation for layered shields is the gap between each layer. In Figure 9, this 
gap was set to be the same as the layer thickness. A number of previous publications indicated this 
should be close to optimal (Rücker 1894, Reutov 2001). This assumption was tested for a 5 layer 
shield, by varying the space between each layer between 3 to 6 mm in 1mm increments, and 6 to 12 
mm in 3 mm increments. Figure 10 shows the impact of varying the spacing between layers for a 
shield comprising five 4 mm layers. The shielding factors are shown relative to the starting spacing of 
3 mm. For the perpendicular case, these values are 2.2 G (Linac region) and 0.57 G (Gun region); for 
the in-line they are 9.5 G (linac region) and 2.5 G (gun region).  Moderate improvement (~7-15%) 
was gained from increasing the gap between each layer from 3 mm to 5-6 mm. Further increases in 
the spacing caused a decrease in shielding efficacy. Whilst the shielding factors did not show 
particularly strong sensitivity to the spacing between layers, non-negligible increases in heterogeneity 
within the DSV were observed; 12 mm spacing between layers worsens the heterogeneity of the DSV 
by approximately 30% compared to 3 mm spacing. 
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 Figure 10: The effect of varying the spacing between each shield layers on A) Heterogeneity 
within the DSV, B) The gun region shielding factor, and C) The Linac region-shielding factor. 
Each plot shows both the in-line (black) and perpendicular (blue) configurations. The shaded 
regions in B) and C) represent the maximum and minimum shielding factors. The shielding 
factors are presented relative to 3mm spacing. 
3.5. Impact of shielding materials 
The key indicator of how a given material will perform as a magnetic shield is its magnetic 
permeability (Appendix 1). The permeability of ferromagnetic materials is dependent on the applied 
field, typically decreasing as the applied field is increased until the material is saturated. Depending 
on the applied field, the choice of shielding material can make a large difference to shielding efficacy. 
In the preceding sections, Carbon steel 1020 was used. This material can support quite a high applied 
field before saturation (~2.3 T); however does not exhibit particularly high maximum permeability 
(µr≃1.6e3). A contrasting material is the class of Nickel-Steel alloys commonly known as Mu-metal. 
These materials only support relatively low fields before saturation (~0.7 T), but before saturation 
exhibit extremely high permeability (µr≃7.9e4). The B-H magnetic response curves for Carbon Steel 
1020 and Mu-Metal are shown in Figure 11. It can be seen that at low fields, Mu-metal responds 
much more strongly to the applied field, whilst at high fields carbon steel has relative permeability 
approximately 3 times higher than Mu-metal. To demonstrate the impact of material choice on 
shielding efficacy, two scenarios were tested. Firstly, the standard single layer elliptical shield from 
section 2.2 was solved for Mu-metal and compared to carbon steel. Secondly, the 5 layer shield with 6 
mm spacing from section 3.4 was solved with only the inner layer set to Mu-metal. The aim of this 
arrangement is to exploit the properties of both materials – using the high saturation steel to lower the 
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magnetic field without saturating, and the high permeability Mu-metal to effectively shield the 
remaining field.   
 
Figure 11: BH curves for Carbon Steel 1020 and Mu-metal. These curves characterize the 
response of a material to a magnetising field H. Mu-metal has a much higher permeability than 
steel, but also saturates at lower field strength. Note that both B and H are shown on a log scale. 
This data is taken from the Comsol material library. 
Table 2 shows a comparison between a single layer steel shield and a single layer Mu-metal shield in 
the standard configuration described in section 2. Using Mu-metal in a single layer resulted in 
substantial reduction in shielding efficacy. For the in-line configuration, the shielding factors using 
Mu-metal were reduced by factors of 3 (gun) and 15 (Linac). For the perpendicular configuration, the 
average shielding factors using Mu-metal were reduced by factors of 37 (gun) and 31 (linac). It can 
also be seen that the heterogeneity in a 30 cm DSV decreased slightly; this is not surprising as the 
Mu-metal is clearly having less effect on the initial magnetic field distribution compared to steel. 
Table 3: Comparison between a single layer steel shield and a single layer Mu-metal shield. The 
shields are in the standard configuration described in section 2 
 DSV 
heterogeneity  
Gun shielding factor 
(average) 
Linac shielding factor 
(average) 
MRI-Linac configuration Perp. In-line Perp. In-line Perp. In-line 
Single layer steel shield 38 77 146 77 94 31 
Single layer Mu-metal shield 27 51 4 24 3 2 
Ratio of Mu-metal to steel 0.76 0.66 0.027 0.35 0.032 0.065 
 
On face value, these large decreases in efficacy are quite surprising. Shielding efficacy scales with 
permeability (Appendix 1), and an examination of the BH curves of the two materials (Figure 11) 
shows that the permeability of Mu-metal is ~three times lower than steel at high field strengths. The 
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reason that shielding efficacy decreased so much more than this can be seen in Figure 12; the non-
linear behaviour of the materials gives rise to a non-uniform distribution of relative permeability. 
Whilst the Mu-metal shield has very high relative permeability at the left and right sides, it has very 
low relative permeability along the top and bottom axis. In contrast, the steel shield has moderately 
high permeability everywhere. As a result, it can be seen that the magnetic field penetrated the Mu-
metal shield to a much greater extent than the steel shield. 
 
Figure 12: Relative permeability of steel and Mu-metal shield in the perpendicular 
configuration with a uniform field of 1000 G. Note the non-uniform permeability in the Mu-
metal shield (right), and resultant penetration of the magnetic field lines. Magnetic field lines 
are plotted in black.  
Table 3 shows a comparison between a five layer shield made entirely of steel, and the same shield 
with the inner layer replaced with Mu-metal. In the perpendicular configuration, this resulted in a 
dramatic increase in the average shielding factors; a factor of 27 (gun) and 4 (linac). The minimum 
shielding factors in the gun were increased by a factor of 28, whilst in the linac they were increased 
by a factor of 1.44, from 118 to 171. For the in-line configuration this shielding strategy was not as 
successful; whilst the shielding factor for the gun region was increased by a factor of 17, the shielding 
factor in the linac actually decreased slightly (ratio of 0.7). Similar magnitudes of effect were 
observed for the minimum shielding factors. The reason for the lack of efficacy in the in-line 
configuration can be traced back to the fact that the layering strategy was also not particularly 
successful for the in-line configuration (Section 3.4); as a result the Mu-metal layer still experiences a 
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high magnetic field and is partially saturated. Changing the inner layer to Mu-metal increased DSV 
heterogeneity by 10% in both orientations. 
Table 4: Comparison between a five layer shield made of steel, and a five layer shield with the 
inner layer made of Mu-metal and the outer layers made of steel. The thickness of each layer is 
4 mm, and the spacing between layers is 6 mm. All other parameters are from the standard 
configuration described in section 2 
 DSV 
heterogeneity 
Gun shielding factor 
(average) 
Linac shielding factor 
(average) 
MRI-Linac configuration Perp. In-line Perp. In-line Perp. In-line 
5 layer shield, all steel 51 102 1503 186 480 56 
5 layer shield, inner layer 
Mu-metal 
57 110 41020 2781 1869 41 
Ratio of Mu-metal to Steel 1.1 1.1 27.3 15.0 3.9 0.7 
 
4. Discussion 
In this work, a comprehensive investigation of passive magnetic shielding in MRI-Linac systems was 
carried out. Both shield efficacy and magnetic heterogeneity within a 30 cm DSV for a wide variety 
of shield parameterisations were compared. Specifically, distance between the shield and the magnet, 
shield thickness, shield length, shield openings, splitting the shield into concentric layers, and 
different shielding materials were investigated. 
In general, the same shield causes more heterogeneity in the in-line configuration than the 
perpendicular configuration (Figure 4A). This is a somewhat surprising result, as the fringe field of 
this magnet is substantially higher in the perpendicular configuration than the in-line configuration 
(Figure 1). Thus one might expect the shields to be more magnetized and hence cause greater 
magnetic heterogeneity within the DSV of the magnet. Qualitatively, this result can be understood by 
considering the line integral of a magnetic field line from the shield location to the centre of the 
magnet; in the perpendicular configuration, this line integral will always be substantially larger than 
the in-line configuration. On the basis of this argument and the results in this study, we hypothesise 
this result is not specific to this magnet, i.e. that placing ferromagnetic material in the in-line 
configuration will in general cause more heterogeneity than in the perpendicular configuration. 
Overall, the heterogeneity seen within the 30 cm DSV was well within the 300 PPM threshold 
(section 2.4), and we would not expect any difficulty in shimming these fields. However, the magnetic 
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shielding is only one of the ferromagnetic components which must exist within the fringe field; in 
particular the impact of the MLC must also be considered (Kolling et al. 2013).   
The magnitude of fringe fields investigated here are substantially greater than in previous 
scientific  studies within the literature, which have investigated fringe fields of ~110 G or less (St. 
Aubin et al. 2010, Santos et al. 2012). A patent exists demonstrating passive magnetic shielding in the 
perpendicular MRI-Linac configuration of similar field strengths to those investigated in this work 
(Shvartsman et al. 2014), however this patent does not present any data for the in-line configuration, 
and a number of shield parameterisations which are investigated in the present work were not 
explored. 
In addition to the finding that the heterogeneity was generally lower for the perpendicular 
configuration, the shielding factors were generally higher in the perpendicular configuration. The 
strategies of layering and replacing the inner layer with Mu-metal were highly effective in the 
perpendicular orientation, but had less effect in the in-line configuration. Taken together, these results 
suggest that it should be substantially easier to design an MRI-Linac in the perpendicular 
configuration. However, there is a caveat to this: in the in-line configuration one may not need to 
shield the linac region at all, and the gun region can probably experience fields ~20 times higher than 
in the perpendicular configuration (Section 2.1). Therefore, this disadvantage in shielding efficacy is 
not as clear cut as it may seem. The most effective shield designs were the layered shields in sections 
3.4 & 3.5  and these designs could be further optimized by improving the shield leakage through the 
openings (section 3.3), and further optimisation of the thickness and spacing of successive layers. In 
particular, there is no reason for every layer to be the same thickness, and indeed one would expect 
that the inner layers would not require the same thickness as the outer layers. 
There a number of limitations associated with the present work. The first is the uncertainty 
present when computer simulations are used in the absence of experimental data. In this work, these 
uncertainties largely revolve around difficulties in accurately modelling the behaviour of 
ferromagnetic materials. The major consideration is the hysteric behaviour of ferromagnetic materials, 
meaning the magnetisation of the shield is dependent not only on the applied field, but the magnetic 
history of the material. This behaviour is not modelled in the simulation framework, which uses 
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average magnetisation curves (Figure 11). This is the accepted computational approach in 
magnetostatic simulations, e.g. (Santos et al. 2012, Kolling et al. 2013) but is nevertheless a source of 
uncertainty. Another factor which can cause ferromagnetic materials to deviate from their expected 
behaviour is the mechanical history of the metal (Milad et al. 2008). Annealing the shield after 
mechanical deformation typically restores its expected magnetic properties. Finally, we have not 
reported on the vector components of the fields in this work. The average, minimum, and maximum 
shielding factors in conjunction with the DSV heterogeneity give a good indication of the relative 
effect of changing different shield parameterisations and as such the data presented here should be 
useful for first order shield design. However for truly optimal shield design it is strongly 
recommended that a final study is carried out considering the entire 3D field and how this affects the 
component being shielded. In the supplementary materials, 2D field maps of every simulation carried 
out are provided which give an indication of the field distribution. 
In conclusion, the impact on shielding efficacy and MRI heterogeneity in a 30 cm DSV for 
both in-line and perpendicular MRI-Linac configurations has been quantified for a wide range of 
magnetic shielding parameterisation in a novel 1 T split bore magnet. It was demonstrated that using 
an elliptical shield shape around a side coupled linac instead of the previously proposed cylindrical 
shield shape provided a ~70% boost in shield efficacy whilst simultaneously reducing heterogeneity 
in the DSV of the MRI magnet by ~10-15%. Leakage through necessary shield openings was 
substantially reduced or eliminated by partially closing or shielding those openings. Layering multiple 
concentric shield shells was highly effective in the perpendicular configuration, but less so for the in-
line. Careful use of high permeability materials such as Mu-metal can greatly improve the shielding 
performance. The same shield typically provided less shielding and caused more heterogeneity in the 
in-line configuration compared to the perpendicular configuration. This work demonstrates the 
appropriate principles which should be considered in passive magnetic shield design, particularly 
when shielding must be installed in close proximity to an MRI scanner. In addition to its primary 
purpose in furthering MRI-Linac design, the presented data may prove useful for a number of other 
research areas in which magnetically sensitive components must operate in close proximity to an 
MRI, such as interventional imaging suites (Fahrig et al. 2001), MRI compatible medical robots 
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(Hempel et al. 2003), MRI-PET systems (Raylman et al. 2006), or linacs in adjoining rooms to MRI 
systems (Kok et al. 2009).  
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Appendix 1: Theory of passive magnetic shielding 
The most widely adopted conceptual model of passive magnet shielding is the magnetic shunting or 
magnetic circuit description, which describes the shield as providing a low reluctance (and hence 
favourable) path for magnetic field lines to travel (Paperno and Sasada 2000), thereby reducing the 
magnetic field inside the shield. Whilst this description is often useful, there are circumstances when 
the magnetic shielding effect is not well described by such an approach. An alternative conceptual 
model which can also be useful is to consider that often the field arising from the magnetized shield 
tends to oppose the applied field (the so called ‘demagnetising field’). The physical interpretation of 
magnetic shielding effects is explored in detail in ref (Reutov 2000). To quote directly from this 
paper, “[No single] listed mechanism taken separately can account for all aspects of magnetic 
shielding. This effect can be described adequately only if a complex approach is endorsed.”  
Solutions for the shielding factors of simple geometries can be derived analytically; equations 
5 & 6 show the approximate shielding factor for spherical (Reutov 2000) and cylindrical (Chung et al. 
1999) shells in a constant field. In these formulas R is the external radius, t is the shell thickness, L is 
the shield length, K is the shielding factor (equation 1) and µ𝐀𝐀 is the relative magnetic permeability 
(Griffiths 1999). Equation 6 is for an infinite cylinder in a field applied perpendicular to the axis. 
𝐊𝐊𝐝𝐝𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀 ≃
𝟐𝟐𝐀𝐀µ𝐀𝐀
𝟑𝟑𝟑𝟑
+ 𝟏𝟏    Equation 5 
 
𝐊𝐊𝐜𝐜𝐜𝐜𝐀𝐀,⊥ ≃ 𝐀𝐀µ𝐀𝐀𝟐𝟐𝟑𝟑 + 𝟏𝟏   Equation 6 
 
The analysis for a cylinder in axial magnetic fields is more complicated; (Mager 1968) published a 
formula for a finite cylinder with closed ends which agrees quite well with numerical simulation; this 
formula is outlined in equation 7. 
𝐊𝐊𝐜𝐜𝐜𝐜𝐀𝐀,∥ ≃ 𝟏𝟏 + [𝟒𝟒𝐀𝐀𝐊𝐊𝐜𝐜𝐜𝐜𝐀𝐀,⊥𝐟𝐟 ]     Equation 7, where 
N≃ � 𝟏𝟏
𝐆𝐆𝟐𝟐−𝟏𝟏
� ∗ [ 𝐆𝐆
�𝐆𝐆𝟐𝟐−𝟏𝟏
∗ 𝐀𝐀𝐌𝐌�𝐆𝐆 + √𝐆𝐆𝟐𝟐 − 𝟏𝟏� − 𝟏𝟏]  𝐆𝐆 = 𝐋𝐋
𝟐𝟐𝟑𝟑
  𝐟𝐟 = 𝟏𝟏 + 𝟏𝟏.𝟓𝟓/𝐆𝐆  
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From equations 5 to 7, it can be seen that the material property which dictates whether a certain 
material makes a good magnetic shield is the relative magnetic permeability (µ𝐀𝐀) .  Materials which 
have high permeability make good shields. In practice, all materials with high enough permeability to 
be useful as magnetic shields are ferromagnetic. Ferromagnetic materials are nonlinear, meaning µ𝐀𝐀 in 
equations 5-7 is a function of the applied field. To quote (Kelha et al. 1982), “The permeability used 
in the formulas is treated as a known constant, though it is neither known nor constant”. The 
relationship between applied field and permeability is conventionally described by BH curves, where 
µ = B/H and µr = µ/µ0 (Griffiths 1999).  Examples of BH curves for two commonly used magnetic 
shielding materials are shown in Figure 11. Magnetic permeability of a material is typically high 
when the applied field is low; as the magnitude of the applied field increases the permeability 
decreases. Mu-metal has a very high permeability, but becomes saturated at a low field, whilst steel 
has a lower permeability, but doesn’t saturate at such low fields (Figure 11). 
In order to take advantage of different materials’ unique magnetic properties, one can utilize a 
multi layer shield approach, e.g. use a high saturation material such as steel in an outer layer, and a 
high permeability material such as Mu-metal in an inner layer. In fact, even for a shield using just one 
material, the shielding effectiveness can often be greatly improved by utilising multiple concentric 
shield layers (Rücker 1894). A qualitative framework for this effect can be explained in terms of the 
magnetic shunting model (paraphrased from (Rücker 1894)); In order to shield a given volume, it 
would be effective to surround it with material of either higher or lower permeability than the 
surrounding volumes. In the latter case, field lines would tend to travel around the shield instead of 
through it. Although no materials with permeability substantially lower than air are known (except 
superconductors), a similar effect can be produced by utilising gaps of low permeability material 
spaced between high permeability materials. Analytic expressions for a two shell sphere have been 
derived in ref. (Schweizer 1962), as well as for cylinders in perpendicular (Sumner et al. 1987) and 
parallel fields (Paperno et al. 2000).  The resultant formulas are quite complicated, and will not be 
reproduced here. Solutions for an arbitrary number of shells have also been derived and can be found 
in the provided references. 
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Whilst equations 2-4 and the associated qualitative models provide an excellent starting point 
for the design of magnetic shields, a number of factors limit the utility of these formulas for real life 
applications. Firstly, it is difficult to model the effects of non-linear materials using these formulas. In 
addition, the analytic approach is that it can only be used for very simple geometries, and cannot take 
into account the effect of complex geometry and various openings which are often necessary in real 
world applications. A particular limitation for MRI-Linac applications is that the analytic approach 
does not allow one to calculate the impact of the shields on the MRI magnet. Given these limitations, 
a more robust approach to shield design is to utilize computational electrodynamics such as Finite 
Element Modelling (FEM), which was the approach taken in this work. 
 
 
Figure 13: Comparison between the analytic formulas in equations 5-7 and FEM simulation. 
These plots are for shields of relative permeability of 2000, thickness of 5 mm and inner radius 
100 mm. 
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